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Abstract Agroforestry systems provide important

ecosystem functions and services. They have the

potential to enrich agricultural monocultures in central

Europe with structural elements otherwise absent,

which is expected to be accompanied by a surplus of

ecosystem functions. Here we used quantitative mea-

sures derived from terrestrial laser scanning in single-

scan mode to describe the structural complexity, the

canopy openness, the foliage height diversity and the

understory complexity of four common agroforest

systems in central Europe. We accessed silvopasture

systems with grazing ponies and cattle as well as

fellow deer, short rotation forests with agricultural use

between the tree rows, tree orchards with grazing

sheep and Christmas tree plantations on which chick-

ens forage. As a reference, we used data for 65 forest

sites across Germany, representing different forest

types, various dominant tree species, stand ages and

management systems. We found that overall stand

structural complexity is ranked as follows:

forest[ silvopasture systems[ short rotation for-

est[ tree orchard[Christmas tree plantation. Con-

sequently, if overall structural complexity of an

agricultural landscape shall be enriched, there is now

strong evidence on how this may be achieved using

agroforests. However, if the focus lies on selected

structures that serve specific functions, e.g. dense

understory to provide animal shelter, specific types of

agroforests may be chosen and the ranking in overall

structural complexity may be less important.

Keywords Terrestrial laser scanning � Short rotation

coppice � Agroforestry � LiDAR � Single-scan

Introduction

In many countries of the world the landscape has been

converted from grasslands or forests into cropland or

pastures (e.g. Goldewijk et al. 2011). In the European

Union, the share of agricultural land is decreasing but

management intensity on the remaining area is

increasing (Reidsma et al. 2006). In agricultural

landscapes there can be little room for animals,

particularly when fields are large, production is

heavily mechanized, and insecticides are used. Faunal

diversity is therefore often reduced in agricultural

landscapes (Heikkinen et al. 2004; Bengtsson et al.
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2005; Habel et al. 2019). Not only losses in insect

diversity are related to intensive agriculture (Seibold

et al. 2019; Cardoso et al. 2020) but also mammals do

not find suitable habitats in agricultural environments

(e.g. Laliberte and Ripple 2004). They rely on specific

structures that often involve woody vegetation for

breeding, feeding and hiding (Putman 1997).

It is therefore not surprising that even small

refugees like hedgerows and tree groves, or even

uncropped areas under power line pylons are impor-

tant retreats for mammals on a landscape scale (e.g.

Michel et al. 2006; Bates and Harris 2009; Šálek et al.

2020). So-called ‘trees outside forests’ (TOF) include

hedgerows, tree groves, forest patches and other

perennial wooden vegetation outside forests (FAO

2015). The existence of the tree component in such

landscape elements is crucial, since vegetation verti-

cally extending beyond the height of shrubs and

bushes is known to have beneficial effects on many

ecosystem services and functions (e.g. Ringler et al.

1997; Manning et al. 2006, 2009; Harvey et al. 2006;

Bates and Harris 2009).

Agroforests, or agroforestry systems, are also

considered TOF (FAO 2015). They may be useful

alternatives to agricultural monocultures since they

can combine the benefits of agricultural crops with

those of trees and are generally known to provide

many beneficial functions and services to humans and

animals (e.g. Sheppard et al. 2020). This may include

an increased structural complexity and hence greater

habitat diversity for animals in landscapes that are

otherwise dominated by agricultural systems (Man-

ning et al. 2009). A single definition for agroforestry is

still to be agreed on since the existing types of systems

are as diverse as the ecological zones they are

practiced in (Böhm et al. 2017). Generally, the term

describes land use systems in which woody vegetation

(trees or bushes) is combined with arable crops and/or

animal husbandry so that ecological and economic

benefits are created between the participating compo-

nents (Nair 1993). It is the intentional combination of

agriculture/ or livestock and forestry.

In Europe, traditional agroforestry systems mostly

comprise of trees in combination with livestock or

cereals (Reisner et al. 2007) while modern agroforests

in Europe comprise of agricultural crops cultivated

under or in-between fast growing tree species that are

eventually harvested in short rotation cycles (Nerlich

et al. 2013).

When considering tropical agroforestry systems,

there are agroforests that comprise of perennial arable

crops, like cacao, coffee, vanilla, rubber or others that

are cultivated in the shade of forest trees (e.g.

Tscharntke et al. 2011) while others are mixtures of

oil palms and forest trees (e.g. Zemp et al. 2019).

The combining element of all types of agroforests is

the existence of the woody vegetation component (e.g.

Somarriba 1992). The presence of trees induces a

structural component that makes agroforests different

from agricultural cropland with annual rotations. This

creates new and persistent types of habitats unavail-

able in agricultural fields but important to many

species (Manning et al. 2009).

So far, it has rarely been quantified how different

agroforestry systems compare with regard to their

structural characteristics. We are aware of only one

study that compared structural characteristics of

tropical forest with that of oil palm plantations in

which trees were planted to enrich the structural

heterogeneity (Zemp et al. 2019). To our knowledge,

past research did not aim for a quantitative comparison

of the ‘structural complexity’ of different agroforestry

systems since there was no methodology to do so.

However, such means have been developed for forests

lately based on terrestrial laser scanning in single-scan

mode (e.g. Seidel et al. 2016, 2019; Ehbrecht et al.

2017; Willim et al. 2019). There is no reason to assume

that such measures cannot be applied to agroforestry

systems as well, as long as the vegetation has a

minimum height of at least 80 cm, which is the lower

limit in the assessment based on the aforementioned

indices. If vegetation would be smaller, it would not be

captured by any of the laser-based indices.

Here, we used four measures derived from highly

efficient single-scan terrestrial laser scanning to assess

structural characteristics of different agroforests in

Germany and compared them with forest references.

We hypothesized that (1) agroforestry systems have

a lower structural complexity, (2) a more open canopy,

(3) less diverse vertical structures and (4) a lower

complexity in the understory when compared to a

forest reference. Our main focus was to provide a

ranking of different agroforestry systems with regard

to their structural characteristics. Such information

may aid landscape management. For example, it

would allow using agroforestry systems as a means

to create specific structures that provide distinct
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Table 1 Overview of the study sites, locations, the number of scans conducted at each site, and some major stand characteristics

Stand type Region Plot No. of

scans

Coniferous

basal

area share (%)

No. tree

species

Trees/

ha

Developmental

stage

Age in

2021

(in yrs)

Forest reference Swabian Alb AEW04 1 0.00 5 2219 Pole wood 52

Forest reference Swabian Alb AEW07 1 28.80 4 199 Mature timber 142

Forest reference Swabian Alb AEW08 1 32.72 5 277 Mature timber 162

Forest reference Swabian Alb AEW01 1 98.29 12 816 Immature timber 52

Forest reference Swabian Alb AEW10 1 97.67 6 1077 Immature timber 45

Forest reference Swabian Alb AEW11 1 99.52 5 505 Mature timber 71

Forest reference Swabian Alb AEW12 1 99.72 2 313 Mature timber 73

Forest reference Swabian Alb AEW13 2 98.49 6 385 Mature timber 92

Forest reference Swabian Alb AEW14 2 99.03 6 299 Mature timber 91

Forest reference Swabian Alb AEW18 1 2.15 4 119 Mature timber 145

Forest reference Swabian Alb AEW02 1 96.70 4 425 Immature timber 72

Forest reference Swabian Alb AEW21 1 0.00 4 182 Mature timber 147

Forest reference Swabian Alb AEW22 1 8.61 3 238 IMMATURE timber 127

Forest reference Swabian Alb AEW03 1 97.32 4 632 Immature timber 62

Forest reference Swabian Alb AEW32 1 97.92 4 595 Immature timber 52

Forest reference Swabian Alb AEW35 1 4.91 12 420 Thicket 107

Forest reference Swabian Alb AEW36 1 0.00 10 530 Thicket 32

Forest reference Swabian Alb AEW39 1 0.00 5 1129 Pole wood 77

Forest reference Swabian Alb AEW41 1 0.00 4 316 Immature timber 92

Forest reference Swabian Alb AEW42 1 1.08 6 439 Immature timber 92

Forest reference Swabian Alb AEW45 1 0.00 7 2351 Thicket 42

Forest reference Swabian Alb AEW49 1 4.24 10 197 Mature timber 192

Area subtotal 22 24

Forest reference Hainich-Dün HEW01 1 79.15 9 278 Mature timber 89

Forest reference Hainich-Dün HEW13 2 71.99 10 671 Immature timber 67

Forest reference Hainich-Dün HEW17 1 0.00 7 1031 Pole wood 137

Forest reference Hainich-Dün HEW18 1 0.21 6 1555 Pole wood 55

Forest reference Hainich-Dün HEW02 1 74.08 9 658 Immature timber 70

Forest reference Hainich-Dün HEW21 1 0.77 5 289 Mature timber 122

Forest reference Hainich-Dün HEW22 1 0.00 1 130 Mature timber 150

Forest reference Hainich-Dün HEW26 1 0.00 3 210 Mature timber 189

Forest reference Hainich-Dün HEW29 1 0.00 3 247 Mature timber 178

Forest reference Hainich-Dün HEW03 1 98.42 6 651 Immature timber 75

Forest reference Hainich-Dün HEW31 1 0.00 6 363 Mature timber 170

Forest reference Hainich-Dün HEW32 1 0.00 6 318 Mature timber 164

Forest reference Hainich-Dün HEW39 1 0.00 6 246 Mature timber 192

Forest reference Hainich-Dün HEW04 1 0.00 1 1 Thicket 22

Forest reference Hainich-Dün HEW41 1 0.00 5 351 Mature timber 169

Forest reference Hainich-Dün HEW42 1 0.00 5 249 Mature timber 185

Forest reference Hainich-Dün HEW45 1 1.22 6 1459 Pole wood 39

Forest reference Hainich-Dün HEW46 1 0.00 4 497 Immature timber 87

Forest reference Hainich-Dün HEW49 1 0.00 7 280 Mature timber 157

Forest reference Hainich-Dün HEW07 1 0.00 5 314 Mature timber 163
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Table 1 continued

Stand type Region Plot No. of

scans

Coniferous

basal

area share (%)

No. tree

species

Trees/

ha

Developmental

stage

Age in

2021

(in yrs)

Forest reference Hainich-Dün HEW08 1 0.00 5 342 Mature timber 170

Area subtotal 21 22

Forest reference Schorfheide-Chorin SEW01 1 98.96 3 1303 Pole wood 38

Forest reference Schorfheide-Chorin SEW11 1 0.00 2 3184 Pole wood 30

Forest reference Schorfheide-Chorin SEW12 1 0.00 1 1706 Pole wood 39

Forest reference Schorfheide-Chorin SEW17 1 94.82 3 347 Mature timber 107

Forest reference Schorfheide-Chorin SEW18 1 96.03 4 461 Immature timber 88

Forest reference Schorfheide-Chorin SEW02 1 94.23 4 1097 Immature timber 49

Forest reference Schorfheide-Chorin SEW03 1 97.50 3 384 Immature timber 70

Forest reference Schorfheide-Chorin SEW21 1 90.73 5 428 Mature timber 81

Forest reference Schorfheide-Chorin SEW28 1 0.00 3 178 Mature timber 113

Forest reference Schorfheide-Chorin SEW03 1 97.50 3 384 Immature timber 70

Forest reference Schorfheide-Chorin SEW31 1 70.84 4 285 Mature timber 95

Forest reference Schorfheide-Chorin SEW35 1 4.96 3 180 Mature timber 145

Forest reference Schorfheide-Chorin SEW39 1 0.00 3 118 Mature timber 110

Forest reference Schorfheide-Chorin SEW04 2 55.78 6 712 Mature timber 110

Forest reference Schorfheide-Chorin SEW41 1 0.00 6 177 Mature timber 135

Forest reference Schorfheide-Chorin SEW42 1 0.00 3 146 Mature timber 140

Forest reference Schorfheide-Chorin SEW45 1 0.00 2 165 Mature timber 107

Forest reference Schorfheide-Chorin SEW46 1 0.00 3 98 Mature timber 165

Forest reference Schorfheide-Chorin SEW47 1 0.34 4 151 Mature timber 145

Forest reference Schorfheide-Chorin SEW50 1 0.00 2 205 Mature timber 147

Forest reference Schorfheide-Chorin SEW07 1 2.15 2 152 Mature timber 167

Forest reference Schorfheide-Chorin SEW08 1 0.62 4 150 Mature timber 150

Area subtotal 22 23

Forest total 65 69

Stand type Geolocation Site No.

of

scans

Coniferous

basal area

share (%)

no.

tree

species

trees/ha Agroforestry

components

Age in

2021 (in

yrs)

Agroforestry

(CTP)

51.397 N,

10.448 E

Thüringen 1 9 100.00 2 approx. 4000 Christmas trees,

grazing chickens

3–5

Agroforestry

(CTP)

51.397 N,

10.448 E

Thüringen 2 9 100.00 2 approx. 2000 Christmas trees,

grazing chickens

5–7

Subtotal 2 18

Agroforestry

(Silvipasture)

51.658 N,

9.819 E

Hardegsen 10 0.00 2 \ 55 (with

gaps)

Beech-dominated

forest and fallow

deer

120–160

Agroforestry

(Silvipasture)

51.679 N,

9.507 E

Solling 9 0.00 2 \ 60 (with

gaps)

Oak-dominated forest

and Exmoor ponies,

Cattle

165

Subtotal 2 19

Agroforestry

(SRF)

51.566 N,

9.951 E

Göttingen 13 0.00 2 approx. 7000

in coppice

rows

Alleys of willow &

poplar with stripes

of cereals

4–6
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ecosystem functions and services that are otherwise

absent in agriculturally dominated landscapes.

Material and methods

We decided to investigate those agroforestry systems

that are most often found in Germany. In the vicinity

of 40 km around Göttingen, we were able to identify at

least two replicates of all respective types, namely

short rotation forestry (abbrev. SRF; n = 2), Christmas

tree plantations (abbrev. CTP; n = 2), silvopasture

systems (n = 2) and tree orchards (n = 3), for which

the owners gave us permissions to conduct measure-

ments in winter 2019/2020.

As a reference for forest structure, we used winter

scans from forests across Germany acquired in winter

2014/15 in the framework of the Biodiversity

Exploratories (see https://www.biodiversity-ex-

ploratories.de/ or Fischer et al. 2010 for further detail).

Accordingly, our study captures all sites in leaf-less

status if deciduous trees were present. We used the

public datasets 18268, 18269, 18270, 20055 and

17486, all available at the biodiversity explanatory

database (https://www.bexis.uni-jena.de/sws/

PublicDataLink/Index), for information on the stand

characteristics as listed in Table 1.

All forest sites were located in three geographical

areas, namely the Hainich-Dün region, the Schorf-

heide-Chorin or the Swabian Alb. Therefore, these

sites cover three major climatic regions of Germany

and various typical forest types, including stands

dominated by Fagus sylvatica L., Picea abies H. Karst

(L.), Pinus sylvestris L. and Quercus robur L. The

forest stands ranged from managed age-class forest,

over shelterwood forests to unmanaged forest (Na-

tional Park or Biosphere reserve), and from young

stands (immature timber) to mature stands. Table 1

provides an overview on the study sites, the number of

scans taken per site, the geographical location and

some key characteristics of the sites. A map of the

locations is provided in Fig. 1.

Terrestrial laser scanning

On each agroforest site, we conducted a minimum of

eight scans with a Faro Focus M70 laser scanner (Faro

Technologies Inc., Lake Marry, Florida, USA)

mounted on a tripod at 1.3 m above ground in

December 2019 (winter). Scans were placed on a

quadratic grid with 33 m width that was randomly

(orientation and start) placed over the sites. At each

grid point (intersection of grid lines), the scanner was

set to scan a field of view of 300� vertically and 360�
horizontally with an angular step width of 0.035

degrees. This setup resulted in over 40 million

measurements per scans, with each measurement

corresponding to a laser beam that is emitted into the

scanners vicinity and received back by the instrument

if reflected by an object within 70 m distance or less.

Each scan was converted into an xyz-file using the

software Faro Scene (Faro Technologies, Lake Marry,

Florida, USA). In Faro Scene, all scans were filtered

for erroneous points using the software’s standard

Table 1 continued

Stand type Geolocation Site No.

of

scans

Coniferous

basal area

share (%)

no.

tree

species

trees/ha Agroforestry

components

Age in

2021 (in

yrs)

Agroforestry

(SRF)

51.399 N,

9.987 E

Reiffenhausen 9 0.00 2 approx. 9200

in coppice

rows

Alleys of willow &

poplar with stripes

of cereals

4–6

Subtotal 2 22

Agroforestry

(Tree orchard)

51.611 N,

10.190 E

Am Lohberge 9 0.00 6 approx. 135 Fruit trees, grazing

sheep

70

Agroforestry

(Tree orchard)

51.420 N,

9.884 E

Elkershausen 14 0.00 5 approx. 280 Fruit trees, grazing

sheep

10–12

Agroforestry

(Tree orchard)

51.608 N,

10.164 E

Totenhäuser

Gräben

8 0.00 7 approx. 200 Fruit trees, grazing

sheep

65

Subtotal 3 31

Total 9 90
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settings. Finally, before export from Faro Scene, each

scan was reduced in resolution to 1/16th of the original

scan for faster processing and as required for the

calculation of the various indices described below. Co-

registration was not required as a results of the single-

scan approach.

In order to capture the variation of structures of

various forests types we sampled 65 different forest

sites of the Biodiversity Exploratories, each using one

single laser scan position, except for four sites were we

conducted two scans due to a large within plot

heterogeneity (see details in Table 1, total of 69 scans

in forest reference). Figure 2 shows an exemplary scan

taken on each agroforestry site and one example from

a forest reference site.

Fig. 1 Map of the study site locations with the forest reference

sites located in the Schorfheide Chorin (NE-Germany), the

Hainich-Dün (Central) and the Swabian Alb (SW-Germany) and

the agroforestry sites located within or in close-proximity to the

municipality of Göttingen, Lower Saxony, Germany. Exact

geolocations of the agroforest sites are provided in Table 1.

Study site numbers in the inlay refer to: 1- CTP ‘‘Thüringen 1’’;

2- CTP ‘‘Thüringen 2’’; 3- Silvopasture ‘‘Hardegsen’’; 4-

Silvopasture ‘‘Solling’’; 5- SRF ‘‘Göttingen’’; 6- SRF ,,Reiff-

enhausen ‘‘; 7- Orchard ,,Am Lohberge ‘‘; 8- Orchard

,,Elkershausen ‘‘; 9- Orchard ‘‘Totenhäuser Gräben ‘‘ as

visualized in Fig. 2
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Fig. 2 2D representation of an exemplary 3D point cloud from a single-scan from each study site and an exemplary forest site (here:

Hainich forest in Thuringia, Germany)
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Point cloud processing

Each xyz-file of a scan can be visualized as a so called

point cloud for verification of the scan procedure (see

Fig. 3). Here we used the xyz-files as input for a fully

automated assessment of the structural complexity of

the scene captured by the scanner. To do so, we used

the so called Stand Structural Complexity Index

(abbr.: SSCI), introduced in 2017 (Ehbrecht et al.

2017; R-code available here: https://github.com/

ehbrechtetal/Stand-structural-complexity-index–SSCI).

This index uses the distribution of hits to assess stand

structural complexity solely from a mathematical

point of view and hence without the operators

involvement or expert knowledge.

Originally designed for forests, the index is calcu-

lated using Mathematica (Wolfram Research, Cam-

paign, USA) based on 1280 vertical cross-sectional

polygons through the stand, with each cross section

being analyzed in view of its shape complexity. While

details are provided in Ehbrecht et al. (2017), we here

shortly summarize the procedure as follows: if the

structure of the surrounding forest is complex, laser

hits of consecutive beams will occur in a large variety

of distances to the scanner. By combining all hits with

a line a polygon is created and evaluated for its

circumference-to-area ratio as introduced by McGari-

gal and Marks (1995) to assess complexity of polygons

in landscape analysis. The average complexity of all

1280 polygons is used as a measure of complexity of

the forest scene. However, since in forests complexity

has little meaning without scale, the stand height is

used to scale the average complexity with the vertical

extent of the stand investigated. This ensures that tiny

but complex thickets do not result in higher SSCI

values than a multi-layered old-growth forest. The

index proved to be valuable in various earlier studies.

For example, it was successfully used to quantify

impacts of forest management on forest structure

(Ehbrecht et al. 2017; Stiers et al. 2018), to quantify

the effect of mixture on forest structure (Juchheim

et al. 2020), to assess tree microhabitats (Frey et al.

2020), it was closely related to the forest microclimate

(Ehbrecht et al. 2019), and it was even a good predictor

of ant species richness (Greve et al. 2018) or

conventional expert ratings on stand structural com-

plexity from visual assessment (Frey et al. 2019). In a

recent study focusing on primary forests across the

globe, the index was used to relate the stand structural

complexity of forests to the climatic conditions of

different biomes (Ehbrecht et al. 2021) and it was

shown to correlate to conventional measures of

structural heterogeneity (Ehbrecht et al. 2017).

The second measure obtained from the laser scans

was canopy openness. It was calculated according to

Zheng et al. (2013) and can be interpreted as the

percent vegetation coverage in an upward facing

canopy image simulated for the scanners position. The

viewing angle is hereby restricted to a 60� opening

angle (upside-down cone). Canopy openness is

strongly related the microclimatic conditions in a

stand (Ehbrecht et al. 2019) and it is related to the leaf

area and light regime of a stand (e.g. Woodgate et al.

2015).

As a third measure, we calculated the Foliage

Height Diversity (FHD) for each scan as introduced in

Seidel et al. (2016). FHD is a measure of vertical

distribution of plant material and was first introduced

in 1961, when it was still determined based on visual

assessments (MacArthur and MacArthur 1961). When

based on laser scanning data, FHD is derived from the

density of laser hits in horizontal layers of 1 m

thickness relative to the density of the full stand

profile. A low FHD indicates that there are great

differences in the filling of different horizontal layers,

while a high FHD indicates that all layers are more or

less similarly filled with plant material. FHD is a

particularly useful predictor of bird species diversity

(MacArthur and MacArthur 1961).

Finally, we calculated the Understory Complexity

Index (UCI) as introduced in Willim et al. (2019). The

UCI is a measure of the three-dimensional architec-

tural and spatial distribution of plant material in the

shrub layer of a forest. It is calculated based on a

horizontal layer ranging from 0.8 to 1.8 m through the

stand. For this layer, all laser hits are vertically

projected to a plane and the outline of the scanned

area, defined by the innermost laser hits in any

azimuthal direction, are connected by a line. This line

forms a polygon if connections are made clockwise

and the area and perimeter of this polygon are used to

determine the circumference-to-area ratio as intro-

duced by McGarigal and Marks (1995) and mentioned

earlier for the analog calculation of SSCI.
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Statistical analysis

The free software R (Vers.3.5, R Development Core

Team) was used for all statistical analyses.

We conducted a Shapiro–Wilk’s Test for normality

of the data and Levene’s test for variance homogene-

ity. Since neither normality of data nor variance

homogeneity could be expected, we performed the

non-parametric Kruskal–Wallis test to test for

significant differences among the groups. For post-

hoc testing we used the Wilcoxon-Rank-Sum test for

pairwise comparisons based on a confidence interval

of 95%. For all tests, we pooled the data of the

respective systems, e.g. all scans taken in the agro-

forestry systems, to derive means, medians and

standard deviations. Unpooled data per site can be

found in the SI.

Fig. 4 Box-and-whisker plots of the stand structural complex-

ity index (SSCI) of the forest reference in comparison to the

agroforestry systems. SRF: Short rotation forest, CTP: Christ-

mas tree plantation. Different lower-case letters above the boxes

indicate significant differences among the systems. White

horizontal lines indicate the median, while the upper and lower

end of the boxes indicate the 75% and 25% quantile respectively

Fig. 3 2D representation of the 3D point cloud of an exemplary forest reference scene obtained from a single scan in leaf-less condition
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Results

The results of the Kruskal–Wallis test and the

Wilcoxon-Rank-Sum test are summarized in Table 2

an will be discussed below.

Stand structural complexity

The stand structural complexity of the investigated

systems decreased from the forest (mean: 3.77) to

silvopasture (mean: 3.2) to SRF (mean: 3.02) to the

tree orchard (mean: 2.46) and the CTP with lowest

mean (1.95). While on average the forest systems

where significantly more complex than the SRF, the

tree orchard and the Christmas tree plantation, there

were no significant differences between the forests and

the silvopastures. Despite the ranking, silvopastures

where also not significantly more complex than SRF

or tree orchards. Figure 4 depicts the SSCI data of the

different systems.

The standard deviations were large for both forests

(± 1.41) and silvopastures (± 1.49) and comparably

small for SRF (± 0.57), tree orchards (± 0.59) and the

CTP (± 0.70).

Canopy openness

For canopy openness we observed a ranking of means

from forest (28%) to silvopasture (59%) to tree

orchard (81%) to SRF (86%) to CTP (99%). While

forests were significantly more closed than all other

systems, CTP had a significantly higher openness than

all other systems. Silvopastures, SRFs and tree

orchards had similar median values, but strongly

differing ranges of values. The mean values however

differed more, resulting in significant differences

between silvopasture and tree orchard, but not

between any of the two and SRFs. Figure 5 illustrates

the described pattern.

The standard deviations differed strongly between

the groups, with the CTP being most homogeneous

(standard deviation: ± 0.02), followed by the SRFs

(± 0.18), the forest reference (± 0.15) and the tree

orchards (± 0.27), and finally the silvopastures with

the largest variability (± 0.41) of openness values.

Foliage height diversity

The foliage height diversity of the two systems

containing forest trees, namely the forest reference

and the silvopastures, had significantly higher means

(3.04 and 2.74 respectively) than the other three

systems, namely the SRFs (1.61), the tree orchards

Fig. 5 Box-and-whisker plots of canopy openness (in percent)

of the forest reference in comparison to the agroforestry

systems. Different lower-case letters below the boxes indicate

significant differences among the systems. White horizontal

lines indicate the median, while the upper and lower end of the

boxes indicate the 75% and 25% quantile respectively
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(1.68), and the CTP (1.78). Within these two groups

there were no significant differences. Figure 6 pro-

vides a graphical overview of the data.

The standard deviations of the silvopastures

(± 0.75) and CTP (± 0.70) were larger compared to

those of the tree orchards (± 0.29), the SRFs (± 0.24)

or the forest reference (± 0.35).

Fig. 7 Box-and-whisker plots of the understory complexity

index of the forest reference in comparison to the agroforestry

systems. Different lower-case letters above the boxes indicate

significant differences among the systems. White horizontal

lines indicate the median, while the upper and lower end of the

boxes indicate the 75% and 25% quantile respectively

Fig. 6 Box-and-whisker plots of foliage height diversity of the

forest reference in comparison to the agroforestry systems.

Different lower-case letters above the boxes indicate significant

differences among the systems. White horizontal lines indicate

the median, while the upper and lower end of the boxes indicate

the 75% and 25% quantile respectively
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Understory complexity

The understory of the forest reference (mean: 2.44)

and the SRFs (mean: 3.96) were not significantly

different from one another (see Fig. 7) but signifi-

cantly more complex than those of the other systems

(silvopasture: 1.69; tree orchard: 1.48; CTP: 1.68).

The variability of the understory structures,

assessed via the standard deviation of the understory

complexity index of all scans taken in a system,

differed largely between the systems. While the forest

reference and the SRFs showed large variations (std.

dev.: ± 1.31 and ± 3.00), the silvopastures (± 0.43),

the tree orchards (± 0.49), and the CTP (± 0.26) were

much more homogenous across scans.

Discussion

All measures used in our study to describe vegetation

structures were based on single scans and are therefore

prone to occlusion effects (e.g. Anderson et al. 2017).

It is documented that a reliable structural character-

ization of different forest types can be performed using

the SSCI obtained from single scans when about nine

scans are taken per hectare (Ehbrecht et al. 2017).

Since our aim was to characterize the different

management systems, we followed the nine-scans-

per-hectare protocol, resulting in at least 18 scans per

system that were used to characterize structures.

According to the SSCI, reaching as far as 70 m in

case of absence of plant material in the direct vicinity

of the scanner, the observed ranking of systems with

regard to their structural complexity is surprising.

While forests clearly provide the greatest complexity

in terms of the overall highest mean and median SSCI

value detected, they also showed the greatest variabil-

ity. This can be explained by the large number of

different forest management systems included in our

study in order to provide a solid reference across stand

ages, dominating tree species, and management

regimes. A large variation in forest structures due to

different stand managements and forest types have

already been documented for our sites in earlier

studies using laser scanning-based measures (cf.

Ehbrecht et al. 2017; Seidel et al. 2020). The

silvopastures were statistically not significantly dif-

ferent from the forest reference and only had a slightly

lower mean, median and lower maximum complexity.

We argue, this is due to the fact that both silvopastures

Table 2 Results of the Kruskal–Wallis test for differences among the groups and the post-hoc Wilcoxon-Rank-Sum test

p-value of Kruskal–Wallis test p-values of Wilcoxon-Rank-Sum test

\ 0.001 Silvopasture SRF Tree Orchard Forest

Canopy openness SRF 0.17

Tree Orchard \ 0.05 0.31

Forest \ 0.05 \ 0.001 \ 0.001

CTP \ 0.001 \ 0.001 \ 0.01 \ 0.001

Foliage height diversity SRF \ 0.001

Tree Orchard \ 0.001 0.59

Forest 0.54 \ 0.001 \ 0.001

CTP \ 0.001 0.96 0.96 \ 0.001

Understory Complexity Index SRF \ 0.05

Tree Orchard 0.05 \ 0.01

Forest \ 0.001 0.10 \ 0.001

CTP 0.94 0.05 0.10 \ 0.001

Stand structural complexity index SRF 0.93

Tree Orchard 0.12 \ 0.01

Forest 0.12 \ 0.05 \ 0.001

CTP \ 0.01 \ 0.001 \ 0.05 \ 0.001
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contained patches that appeared to be ‘‘forest like’’,

along with larger openings shaped by intensive animal

grazing. Also, the two silvopastures differed strongly

in their characteristics. While the Solling site was

dominated by an open broad-leaved forest with

grazing patches being spatially intermingled, the

Hardegsen site only had trees in one part of the area

and was dominated by a larger grazing patch in the

other part. This also explains the larger standard

deviation found in the silvopastures when contrasted

to the forest reference.

A look at the canopy openness data supports the

impression that the silvopastures contained some very

open areas while also closed ‘‘forest-like’’ patches

were present. Here, it is evident that it is worth to

consider different aspects of complexity when com-

paring the different systems, since some characteris-

tics may not differ strongly while others depict

important dissimilarities (McElhinny et al. 2005).

Additionally, the general availability of resources

other than complexity, e.g. the existence of light or

shade, which may be crucial in agroforestry systems

(e.g. Bohn Reckziegel et al. 2021), may not be

assessed by only one measure.

Surprisingly, despite the absence of larger trees, the

stand structural complexity of the SRFs was higher

than that of tree orchards or CTP. We argue this was

due to the rather sparse setting of the latter two systems

when compared to the densely planted rows in the

alley-like short rotation system. Again, this is sup-

ported by the results of the canopy openness, showing

very high mean values for both, CTP and tree

orchards. Outliers towards the lower end of canopy

openness (closed canopies) in the SRFs were simply

caused by scans that were taken inside the vegetation

rows. When compared to forests, SRFs may be of less

divers structure, thereby possibly having a lower

species diversity (e.g. Gallé et al. 2017), but when

compared to agricultural cropland they may hold a

large potential to provide structures that help increas-

ing the biodiversity of agricultural landscapes (e.g.

Verheyen et al. 2014). Also coppice forests attract a

species portfolio quite different from that of high

forest systems.

We observed little variability in the openness of the

CTP due to the shape of Christmas trees, preventing a

significant proportion of the trees from reaching into

the range of the cone used to calculate the canopy

openness. While Christmas trees are cultivated to look

all the same and to have this cone-like shape by

avoiding crown closure, for the tree orchard, the

variability in canopy openness was much greater. Here

the focus is not on symmetrical trees. Also, trees were

of different ages among different systems, with the

tree orchard ‘‘Elkershausen’’ being only ten to twelve

years old by the time of the measurements, while the

trees on both other orchards were around 70 years old.

Therefore, the ‘‘Elkershausen’’ site was more open and

tree crowns were far from being in contact with each

other. A large variability of openness values points

towards a high heterogeneity of light conditions within

the systems. From these, more light-demanding

species benefit. These are often pollinated by insects

and the presence of these plant species is often

accompanied by an abundance increase of the insects

(e.g. Nerlich et al. 2013).

When it comes to the vertical diversity of structures

(FHD), the two systems containing tall forest trees,

namely the forest reference and the silvopastures,

clearly provide the greatest diversity of structures, or,

in other words, the greatest habitat heterogeneity.

SRFs, tree orchards or CTP are characterized by a

lower amount of vertical structures. Regularly planted

trees of homogenous age resulted in very similar and

simple vertical structures for all individuals. For FHD,

as already seen for canopy openness, the variation

between scans was largest in the silvopastures. Again,

this can be explained by the large structural differ-

ences between the grazing patches and the more

forest-like patches in the silvopastures. Very low

values of FHD in the silvopastures may be explained

by a homogenous filling on a very low level. This is

because FHD does unfortunately not differentiate

between sites with high or low filling if the filling

pattern are the same between the layers (equally high

or equally low).

The complexity of the understory in a height of 0.8

to 1.8 m is strongly affected by the number of tree

stems in the vicinity of the scans (cf. Willim et al.

2019) and also by any kind of agricultural plants,

herbs, or shrubs growing at a minimum height of

80 cm. Trees have a large effect particularly when

they are small, due to their branches and leaves still

being located in the understory, thereby increasing

understory complexity. Large forest trees, with long

branch-free boles, may have a lower effect, particu-

larly since they are often more widely spaced.

Therefore it is little surprising, that the SRFs yielded
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the highest UCI values, with their densely planted tree

rows. In cases when a scan was taken between two

rows, the distance to the next row would determine the

complexity at this sample point. This resulted in low

complexity for scans taken between rows and high

complexity when scans were inside the planted alleys,

explaining the large variability of UCI in the SRFs.

Only in two cases, when scans were taken in-between

two rows of the SRFs, the UCI failed and could not be

determined. The polygon used to determine the

complexity could not be created as not enough

vegetation reached into that part of the scan that is

actually considered for determining UCI (maximum

distance: 20 m; cf. Willim et al. 2019). We argue this

should be interpreted as absence of sufficient struc-

tures (no hits) and hence absence of structural

complexity. In contrast, for the forest scans, the UCI

variability is likely caused by the absence or presence

of juvenile trees or regeneration patches. Grazing

(cattle, ponies and deer in silvopastures, sheep in tree

orchard) or removal of competing vegetation between

the trees through mowing (CTP) most likely resulted

in very homogeneous and overall low UCI-values.

Here, we used forest structures as a reference, as the

used indices were originally designed to address those

structures. These indices are, however, technically

applicable to agroforests as well. With forest serving

as one reference, it would be interesting to determine

comparable indices used here for agricultural crops as

well in order to have the other side of the structural

reference. However, this is not possible unless the

agricultural fruits are taller than 0.8 m for the UCI,

1.3 m for SSCI and canopy openness and at least

several meters in height for the calculation of FHD. A

direct consequence of this ‘‘forest-based’’ perspective

is that comparisons with forest structures may result in

interpretations that emphasize the structural deficits of

agroforests. If, however, one pictures the benefits they

provide when compared to agricultural monocultures,

the outcome may be very different. Also, it is

important to keep in mind that the main intention

was to compare the different approaches within the

group of agroforestry systems to one another. Tech-

nically, all measures used in our study would yield

zero or no values (error) for typical agricultural crops

like wheat, rye, barley or oilseed rape cultivated on

large scale in Germany. A widely cultivated crop that

may be an exception is corn, since this plant could

reach two meters or more in height prior to harvest.

Changing the perspective from forest as a reference to

cropland as a reference would hence mean an increase

in structural complexity.

The consequences of such a change in the reference

system and correspondingly the change in perspective,

are far-reaching. For example, we interpreted the

FHD, a measure particularly important for bird species

(cf. MacArthur and MacArthur 1961), of CTP, SRFs

and tree orchards as very low compared to forests.

When compared to agricultural land, however, posi-

tive effects on the bird species assemblages were

found for CTP (e.g. Gailly et al. 2017), SRFs (e.g.

Christian et al. 1997) as well as tree orchards (e.g.

Kajtoch 2017), most likely because they simply add

structures to the system. Since measures of cropland

structural complexity are unavailable so far, we could

only use indices designed for forest. However, we

hypothesize that the inverse order of our findings may

indicate the ranking of structural benefits to be

expected if agricultural monocultures are ‘enriched’

with components of the investigated agroforestry

systems. Future research in agroforests may address

changes of structure over time and changes due to

agricultural interventions, as well as an assessment of

the different effects caused by the variety of agricul-

tural/silvicultural interventions possible.

Conclusions

We acquired quantitative 3D data on vegetation

structure from highly efficient single-scan terrestrial

laser scanning. We could show that selected attributes

of complexity may be more pronounced in agro-

forestry systems than in forests, such as the understory

complexity in SRFs, and thereby promote specific

ecosystem functions or services. For other measures,

such as foliage height diversity, only the silvopastures

provide the relevant structures to resemble forests.

Canopy openness is a measure that makes the contrast

particularly clear, with the agroforests all being

significantly more open than the forest reference. It

can be expected that the light regime, the microclimate

and hence habitat conditions are vastly different in the

studied agroforests when compared to forests. We

conclude that agroforestry systems in central Europe,

with the exception of silvopastures, do not exactly

mimic ‘forest structures’ and project them into agri-

cultural landscapes, but rather represent new structural
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formations, different from forests, but with their very

own benefits. Hence, we hypothesize that there is a

significant improvement in structural complexity if

agricultural systems are converted to agroforests by

the inclusion of woody perennials.

We suggest that future research should focus on an

assessment of structural complexity of agroforest

systems in other geographical location and of different

kind, such as tropical agroforestry systems, in order to

provide objective information on the structural pattern

in those systems as well. It may be considered to

quantify the differences among structural pattern

always with respect to local silvicultural systems, as

conducted here, in order to provide some reference.

Finally, we argue it may be important to scan sites in

locations with seasonal climates in summer to avoid

effects introduced by coniferous vs. deciduous species

and to ensure better comparability with sites in the

evergreen forests.
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